oxidative pathways involving a direct reaction with peroxynitrite are not altered. The physiological implications of these findings are discussed.
Introduction
Peroxynitrite (ONOO -/ONOOH), the product of the diffusion-limited reaction of nitric oxide ( * NO) with superoxide (O 2 *¯) , may represent an important mediator of inflammation-induced tissue injury and dysfunction by virtue of its ability to nitrate and oxidize biomolecules (1) . Although the idea that peroxynitrite is a potent oxidant in vivo is well-supported by studies utilizing chemically synthesized peroxynitrite (2) , others have proposed that the relative rates of * NO and O 2 *¯ production may be critical in determining the amount and ultimately the reactivity of peroxynitrite formed in vivo (3) (4) (5) (6) .
This contention was outlined in a study by Miles and co-workers that examined oxidation reactions derived from the co-generation of * NO and O 2 *¯ at neutral pH (4) . Consistent with the formation of peroxynitrite, these investigators reported that the oxidation of the model compound dihydrorhodamine (DHR) to its fluorescent derivative rhodamine was maximum in the presence of equimolar fluxes of * NO and O 2 *¯. However, when one free radical was produced in excess of the other one, the oxidation of DHR was inhibited, possibly via secondary reactions occurring directly between peroxynitrite and excess * NO or O 2 *¯. These observations as well as data recently published (5;7-9) suggest that significant oxidation (and nitration) by peroxynitrite might never be attained in vivo since 4 findings (10;11). Mechanistically, the direct reaction of * NO with peroxynitrite is too slow to account for the inhibition of DHR oxidation observed with excess * NO as originally suggested (12;13) . Recent studies also indicate that the cis-and not the transconformer of peroxynitrite is formed at neutral pH, which rules out any difference in reactivity for * NO and O 2 *¯ between "authentic" alkaline cis-peroxynitrite and peroxynitrite formed in situ (10) . As to the methodological approach, one problem was related to the accumulation of urate formed from the oxidation of hypoxanthine by xanthine oxidase utilized to generate O 2 *¯. Urate might scavenge peroxynitrite and consequently inhibit peroxynitrite-mediated oxidation reactions. Questions were also raised regarding the ability to match fluxes of * NO and O 2 *¯ over long periods (hours).
To gain further insights into the mechanism by which excess * NO or O 2 *¯ might inhibit peroxynitrite-mediated oxidation reactions, we characterized the kinetic of DHR oxidation by chemically synthesized peroxynitrite. We circumvented the aforementioned methodological problems by using an alternate substrate for xanthine oxidase to eliminate the production of urate and shorter incubation times to insure equal rates of * NO and O 2 *¯ production. In addition, we systematically evaluated the effect of excess isocratically running at a flow rate of 0.5 ml/min with 0.5% acetonitrile and 1% acetic acid in distilled water. Glutathione, glutathione disulfide, and S-nitrosoglutathione were detected at 220 and 334 nm and the identity of each peak was confirmed by co-elution with authentic standards with a detection limit of 50 nmoles.
Statistics. For groups of three or more, the data were analyzed by one-way analysis of variance, and when a significant difference was suggested, the Tukey test was used as a post-hoc test. Comparisons restricted to two groups were analyzed using the Student's t-test. A probability value of less than 0.05 was considered to represent a statistically significant difference.
Results
Oxidation of DHR by peroxynitrite. The reaction of DHR with peroxynitrite was studied under limiting concentrations of peroxynitrite at pH 7.4 and 27 °C (Fig.1 ). In the presence of a 5 to 15 fold excess of DHR, the increase in rhodamine concentration was first-order. The apparent rate constant for the reaction was independent of the initial concentration of DHR and it was within experimental error identical to that of the selfdecomposition of peroxynitrite at the same pH and temperature (Table I ). These results indicated that the oxidation of DHR by peroxynitrite stemmed from its reaction with the intermediates formed during the self-decomposition of peroxynitrite and not from its direct reaction with peroxynitrite (14) . peroxynitrite. Questions were also raised regarding the depletion of oxygen in solution upon oxidation of hypoxanthine, which in turn may affect the rate of O 2 *¯ production, reduce steady state levels of peroxynitrite, and diminish DHR oxidation yields over time.
To address these issues, we used lumazine as an alternative substrate for xanthine oxidase that does not form a peroxynitrite scavenger upon oxidation (16) . In preliminary experiments, we verified that violapterin, the oxidation product of lumazine, did not inhibit the oxidation of DHR by peroxynitrite (data not shown). We also utilized shorter incubation times to insure that oxygen depletion was not a limiting factor for maintaining equal rates of * NO and O 2 *¯ production.
Based on the superoxide dismutase-inhibitable reduction of cytochrome c, we observed a concentration-dependent generation of O 2 *¯ upon co-incubation of increasing concentration of xanthine oxidase with either hypoxanthine (500 lM) or lumazine (500 lM) (Fig. 3A) . The rates of O 2 *¯ generation for both substrates were linear for at least the first 10 min of incubation (data not shown). In the presence of lumazine, the amount of xanthine oxidase was adjusted to obtain the same rates of O 2 *¯ generation as for hypoxanthine ( Fig 3A) . The initial rate of , the rates of rhodamine formation were 0.28 ± 0.04 and 0.26 ± 0.04 lM/min in the presence of hypoxanthine and lumazine, respectively. The efficiencies of rhodamine formation, relative to O 2 *¯ fluxes, were 39.43 and 37.68 %, which was in good agreement with the yields of DHR oxidation by chemically synthesized peroxynitrite (14) .
As illustrated in Fig. 4A , it was evident that rates of rhodamine formation increased sharply from negligible amounts in the absence of O 2 *¯ to a maximum of 0.31 0.04 lM/min and 0.26 0.04 lM/min for hypoxanthine and lumazine, respectively.
These maxima were attained for O 2 *¯ fluxes that were equal to those of It is important to note that S-nitrosoglutathione was also formed in micromolar concentrations with a shift to lower amounts formed when O 2 *¯ was also produced due to the formation of peroxynitrite as previously shown (data not shown) These methods do not allow for the examination of the effect of excess production of one free radical over the other one.
The use of NONOates and xanthine oxidase as a source of (Fig. 4) . Thus, our results clearly indicated that the production of urate could not account for the inhibitory effect of excess O 2 *¯ production on the oxidation of DHR by peroxynitrite generated in situ. (14) . However, we failed to detect any other oxidation product than rhodamine utilizing HPLC techniques (data not shown).
It is important to note that excess As already mentioned, the reaction of peroxynitrite with carbon dioxide (CO 2 ) is a major route for peroxynitrite activity in vivo ( Fig. 8; (24) ). We have already shown that the presence of CO 2 did not alter the oxidation profile of DHR suggesting that substantial inhibition of peroxynitrite-mediated oxidation reactions by excess * NO might occur in vivo even in the presence of carbon dioxide (25) . In this case, the inhibitory pathways would be similar to that of CO 2 -free peroxynitrite where excess agent, is produced from the reaction of In conclusion, the finding that excess production of * NO or O 2 *¯ inhibits the oxidative chemistry associated with the production of peroxynitrite or CO 2 -peroxynitrite in situ provides an additional pathway that affects the fate of peroxynitrite in vitro and in vivo. In biologically relevant systems, only a small fraction of peroxynitrite will undergo spontaneous decomposition because most peroxynitrite will be directly consumed through bimolecular reactions with a variety of molecules such as glutathione, cysteine, ascorbate, and bicarbonate. Whether the oxidative processes initiated by CO 3
formed from the interaction of CO 2 with peroxynitrite will be inhibited in vivo by excess .s a rate constants (studied at 25 °C) were taken from reference (7). b rate constant (studied at 25 °C) was taken from reference (27) . and xanthine oxidase (4 mU/ml). Nitric oxide was generated with spermineNONOate (25 lM). Rates of * NO and O 2 *¯ were identical to those described in Figure 3B .
Figure Legends
Superoxide dismutase (0.5 mg/ml) and catalase (15 µg/ml) were added as described under Materials and Methods. Values represent the mean standard deviation (n=3). 
